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1 a1-Adrenoceptors (ARs) play an important functional role in the liver; yet little is known about
their cellular location. We identified the subtypes present in wild-type (WT) and a1B-AR knockout
(KO) mice livers at 3 and 4 months of age, and investigated their distribution in hepatocytes.

2 The fluorescent a1-AR antagonist quinazolinyl piperazine borate-dipyrromethene (QAPB) was
used to visualise hepatic a1-ARs and radioligand binding with [3H]-prazosin was used to quantify the
a1-AR population.

3 QAPB and [3H]-prazosin bound specifically to hepatic a1-ARs with nanomolar affinity. The
cellular distribution of a1-ARs was similar in WT and a1B-AR KO hepatocytes; QAPB binding was
distributed diffusely throughout the cell with no binding evident on the plasma membrane.
Radioligand binding produced Bmax values as follows: 3-month WT – 7673.3 fmolmg�1; 4-month
WT – 5073.1 fmolmg�1; 3-month a1B-AR KO – 7.470.73 fmolmg�1; 4-month a1B-AR KO –
3072.0 fmolmg�1.

4 In 3- and 4-month WT liver, all antagonists acted competitively. RS100329 (a1A-selective) and
BMY7378 (a1D-selective) bound with low affinities, indicating the presence of a1B-ARs. In 4-month
a1B-AR KO liver prazosin produced a biphasic curve, whereas RS100329 and BMY7378 produced
monophasic curves of high and low affinity, respectively, indicating the presence of a1A-ARs.

5 In conclusion, we have made the novel observation that a1-ARs can compensate for one another in
the absence of the endogenously expressed receptor; yet there appears to be no subtype-specific
subcellular location of a1-ARs; the WT livers express a1B-ARs, while a1B-AR KO livers express
a1A-ARs. This study provides new insights into both hepatocyte and a1-AR biology.
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Introduction

Hepatocytes express adrenoceptors (ARs) that modulate

several aspects of metabolism, including glycogenolysis,

gluconeogenesis, synthesis of urea and fatty acid metabolism

(Hieble et al., 1995). Adrenergic hepatic function is mainly

under the control of a1-ARs except in the foetus and neonate,

where it has been shown that b-ARs are predominantly

expressed (Rossby & Cornett, 1991). Until now, this has

been considered to be the only major ontogenic variation in

hepatic ARs.

There are three subtypes of a1-ARs which have been defined

by molecular and pharmacological techniques, a1a/A, a1b/B and

a1d/D (Bylund et al., 1994; Hieble et al., 1995).

In a series of papers, Garcia-Sainz et al. (1992; 1995a, b;

1996a) demonstrated that in the liver one a1-AR subtype

dominated in each species but the dominant subtype varied with

species. Humans, cat, dog and rabbit expressed the a1A-AR, yet

the rat, mouse and hamster expressed the a1B-AR (Garcia-Sainz

et al., 1994). The one exception was monkeys, which expressed

both a1A-AR and a1B-AR (Garcia-Sainz et al., 1996b).

It is intriguing that different receptor subtypes, which are so

well conserved in evolution yet substantially different in

structure and location, should apparently serve the same

function in the liver of different species. It is possible that

subtypes are exchangeable and that external influences upon

the organism determine which subtype is dominant in each

species.

We have made, and followed up, an observation in mouse

that supports this concept. Although the wild-type (WT)

mouse expresses only a1B-ARs in its liver (Garcia-Sainz et al.,

1994; Cavalli et al., 1997; Yang et al., 1998; Deighan et al.,

1999; Deighan & McGrath, 2002), we found that a1B-AR

knockout (KO) mouse liver expressed a1A-AR-binding sites

between 3 and 4 months (Deighan & McGrath, 2002).

Recent progress in receptor biology has shown that the

properties of a1-AR subtypes, particularly cellular location,

can vary dramatically. There is evidence from both recombi-

nant and native receptors in nonhepatic tissues that a1A-ARs

have a greater tendency than a1B-ARs to be located

intracellularly, rather than be confined to the plasma

membrane (Tsujimoto et al., 1998; Hrometz et al., 1999;

McGrath et al., 1999; Chalathorn et al., 2002; Sugawara et al.,
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2002). However, as is the case with most attempts to

characterise the properties of a1-AR subtypes, exceptions to

the rule are never far away and it now seems that the cellular

location of a1-AR subtypes differs depending on the cell type

studied (Stanasila et al., 2003; Hague et al., 2004).

We investigated whether there is a shift in the location of a1-
ARs in hepatocytes when the a1A-AR replaces the a1B-AR in

the a1B-AR KO mouse using fluorescent receptor binding. This

technique allows analysis of receptor distribution and binding

characteristics at the cellular and subcellular levels (Daly et al.,

1998; McGrath et al., 1999; Mackenzie et al., 2000), employing

the fluorescent a1-AR antagonist quinazolinyl piperazine

borate-dipyrromethene (QAPB) (Daly et al., 1998). Our results

were unexpected. There was no detectable difference in the

cellular location and distribution of a1A- or a1B-ARs. In

contrast to all other tissue types studied, where receptors were

found in distinct clusters as well as diffusely throughout the

cell (Daly et al., 1998; McGrath et al., 1999; Mackenzie et al.,

2000), the receptors in mouse hepatocytes were distributed

homogeneously throughout the cytoplasm. Distribution be-

tween groups of cells in the liver was, however, heterogeneous;

some cells expressed a1-ARs while other cells did not. This

unusual intracellular and intercellular distribution may in-

dicate a general phenomenon in the location and distribution

of G-protein-coupled receptors (GPCR), or may be unique to

the liver.

Methods

Animals

Male C57 Black/129Sv WT and a1B-AR KO mice, 3- and 4-

month old (previously described by Cavalli et al., 1997) were

obtained from the Central Research Facility at the University

of Glasgow. Animals were obtained on a 12 : 12 h light/dark

schedule at 22–251C and fed ad libitum on a standard rodent

diet and tap water. All mice were killed by cervical dislocation.

Livers were removed and washed in ice-cold Tris–HCl buffer

(pH 7.4) before being placed in Hepatocyte Perfusion Media

(371C) for isolation of hepatocytes or being frozen in liquid

nitrogen for isolation of membranes.

Hepatocyte isolation and culture

Hepatocytes were isolated by a nonperfusion procedure

performed without vascular access by multiple injections into

the hepatic parenchyma (adapted from David et al., 1998). The

liver portion was placed in a sterile universal containing

Hepatocyte Perfusion Media and incubated for B1 h at 371C.

This same buffer was then injected using a 10ml syringe via an

18G needle into all areas of the liver until the tissue softened

and a cell suspension was released. The flow rate was

approximately 10mlmin�1. The solution was not re-circulated.

The cell suspension was centrifuged at 50� g for 1min at 201C.

The cell pellet was washed twice with Hepatocyte Attachment

Media at 50� g for 1min to isolate hepatocytes from other cell

types. Cell viability was determined by Trypan Blue exclusion.

The cell pellet was finally resuspended in a minimal volume of

Attachment Media and cells were allowed to attach to glass

cover slips.

Generation of liver slices

Livers were removed from the animal and sections were cut

using a sterile blade. Slices were incubated with 20 nM QAPB

for 30min at 201C, then mounted on slides in a fluorescent

mounting medium (DAKO). A higher concentration of QAPB

was required, than was used for heptocytes to allow for

penetration of the QAPB through the tissue.

Confocal microscopy

Coverslips were mounted in a flow chamber (WPI) and placed

on the stage of an invert (Nikon Diaphot) microscope fitted

with a Noran Odyssey Laser-Scanning Confocal Module. The

objective used was a Nikon � 40, oil. Images were collected

and analysed using Metamorph software. Fluorophores were

excited using a 488 nm argon laser and detected with a 515 nm

band-pass filter. In all experiments, a 15 mm slit was used and

all other parameters were kept constant.

QAPB saturation curves The system was set to acquire

images at 1-min intervals. After a baseline was established, a

cumulative concentration–response curve was carried out to

QAPB (0.4–20 nM) at 201C, with 5-min intervals between

concentrations to allow for equilibration. Individual cells were

outlined using Metamorph’s define-region tool and the

fluorescent intensity values representative of each concentra-

tion at equilibrium were recorded. Nonspecific binding was

defined as fluorescent binding in the presence of 1 mM prazosin.

Inhibition of QAPB-associated fluorescence binding Ex-

periments were carried out in a similar manner to saturation

curves, except that hepatocytes were incubated for 30min with

the a1A-AR selective antagonist RS100329 (Williams et al.,

1999) (1 nM) or the a1D-AR selective antagonist BMY7378

(Goetz et al., 1995) (1 nM) prior to addition of 5 nM QAPB.

The ability of either drug to inhibit the development of QAPB-

associated fluorescence has already been demonstrated (Mack-

enzie et al., 2000). The measure of 1 nM is effective only against

the subtype for which each is selective and does not affect the

other subtypes. The published KB/Ki values for RS100329 are:

a1A-AR, 0.25 nM; a1B- and a1D-AR, 15 nM (Williams et al.,

1999). Therefore, at 1 nM, RS100329 will occupy B80% of

a1A-AR, while occupying only 6% of a1B- or a1D-ARs.

BMY7378 has affinities: a1D-AR, 0.03 nM; a1A-AR, 80 nM;

a1B-AR, 160 nM (Mackenzie et al., 2000). Therefore, at a

concentration of 1 nM, BMY7378 would occupy more than

95% of a1D-ARs, but less than 2% of a1A- or a1B-ARs.

Membrane isolation

Livers were pulverised under liquid nitrogen, suspended in

50mM Tris–HCl and homogenised on ice using a pre-cooled

polytron at setting 6 for 3–4� 10–15 s. Liver homogenates

were filtered through two layers of muslin and centrifuged at

1200� g for 5min at 41C. The supernatant was removed, kept

on ice and the pellet was resuspended. This homogenisation/

centrifugation step was repeated a total of four times, the

supernatants pooled and centrifuged at 56,000� g for

2� 30min at 41C. The resulting pellet was resuspended in

50mM Tris–HCl and a Pearce protein assay was used to

determine the concentration of protein.
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Radioligand binding

[3H]prazosin saturation curves Liver membranes

(0.5mgml�1 of protein) were incubated with a range of

[3H]prazosin concentrations (0.025–5 nM, 75Cimmol�1) in

Tris–HCl for 30min at 221C. Reactions were terminated by

rapid filtration using a Brandell cell harvester. Radioactivity

was measured using a Beckman LS5000TD liquid scintillation

counter. Nonspecific binding was measured in the presence of

10 mM phentolamine.

[3H]prazosin competition curves Liver membranes

(0.5mgml�1 of protein) were incubated with 0.5 nM [3H]-

prazosin in 50mM Tris–HCl and a range of concentrations of

competing ligands for 30min at 221C. The ligands used and the

concentration ranges were as follows: prazosin: 1 pM–0.1mM

(nonselective), RS100329: 0.1 pM–10mM (a1A-AR selective) and

BMY7378: 10 pM–1mM (a1D-AR selective). Nonspecific bind-

ing was measured in the presence of 10 mM phentolamine.

Reactions were terminated and counted by the same method

used for saturation assays.

Filter papers for all binding experiments were incubated

with 0.3% polyethylenimine for 30min before termination of

reactions to reduce nonspecific binding.

Data analysis

Data are presented as mean7s.e.m. Radioligand binding data

were analysed using GraphPad Prism 3.01 (Institute for

Scientific Information, CA, U.S.A.). Data from competition

experiments were analysed using both one-site and two-site

models. A two-site model was accepted only when the F ratio

was found to be much greater than 1 and produced a P-value

of less than 0.05. Hepatocyte images were analysed using

Metamorph (Universal Imaging, U.S.A.) and then transferred

into GraphPad Prism 3.01 for data manipulation. Statistical

analysis was carried out using an unpaired t-test and a P-value

of less than 0.05 was considered significant.

Solutions and drugs

The composition of the HEPES buffer used in all hepatocyte

work was as follows (mM): NaCl (130), KCl (5), HEPES (20),

glucose (10), MgCl2 (1), CaCl2 (1) – pH 7.4.

The composition of the Tris–HCl buffer used in all

radioligand-binding experiments was as follows (mM): NaCl

(150), Tris–HCl (50), EDTA (5), MgCl2 (10) and 10% glycerol

– pH 7.4.

The following compounds were used:

BMY7378 (dihydrochloride 8-[2-[4-(2-methoxyphenyl)-1-pi-

perozynl]ethyl]-8-azaspiro(4,5)decone-7,9-dione, Research

Biochemicals International, U.K.), Hepatocyte Attachment

Media (Life Technologies), Hepatocyte Perfusion Media (Life

Technologies), Hoescht 33342 (Molecular Probes, U.S.A.),

phentolamine hydrochloride (Sigma, U.K.), polyethylenimine

(Sigma, U.K.), [3H]prazosin hydrochloride (Amersham,

U.S.A.), prazosin hydrochloride (Sigma), QAPB (quinazolinyl

piperazine-borate-dipyrromethene, marketed under the name

BODIPY FL-prazosin, Molecular Probes, U.S.A.) and

RS100329 (a gift from Dr Michelson, Roche Bioscience,

U.S.A.).

Results

Fluorescence binding

Wild type QAPB displayed specific saturable binding to

WT hepatocytes at both age points (Figure 1a), producing a

characteristic pattern of fluorescence throughout the cell, with

the exception of the nucleus. QAPB-associated fluorescence

was abolished in the presence of 1mM prazosin (Figure 1a). As

the concentration of QAPB increased, the cellular distribution

of fluorescence remained essentially similar, increasing in

intensity until saturation was reached.

QAPB binding to individual hepatocytes occurred within the

nanomolar range reported by other studies (Daly et al., 1998;

McGrath et al., 1999; Mackenzie et al., 2000; Sugawara et al.,

2002); however, the absolute amount of ‘maximum’ binding

Figure 1 Typical QAPB binding on hepatocytes freshly isolated
from livers of 3- and 4-month-old WT (a) and a1B-AR KO (b) mice.
Nonspecific binding was determined in the presence of 1 mM
prazosin. Cells were plated on coverslips and examined by confocal
microscopy with timelapse photography. Increasing concentrations
(0.4–20 nM) were added cumulatively and images were collected at 1-
min intervals. Images are presented in pseudocolour, where black
indicates no staining, white indicates complete saturation and blue,
cyan, yellow and red indicate increasing levels of saturation of the
fluorophore, as indicated by pseudocolour scale. (c) 20 nM QAPB
binding on WT liver slices. The image is a typical example of the
results obtained (n¼ 3).
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was quite heterogeneous; a proportion of cells did not bind

QAPB specifically at all, whereas others could only produce a

weak fluorescence and a third group of cells were found to

produce a strong fluorescent signal. This made it impractical

and misleading to calculate KD and Bmax values.

When QAPB binding was carried out on slices of WT liver,

the distribution of a1-ARs was similar to that found in isolated

hepatocytes, that is, homogeneous distribution within cells

but a heterogeneous distribution between groups of cells

(Figure 1c).

a1B-AR KO The characteristics of QAPB-induced fluores-

cence were essentially similar in hepatocytes from the a1B-AR

KO mouse as in WT (Figure 1b). Binding was concentration-

related, saturable and of high affinity. The pattern of

fluorescence throughout the cell was similar to WT hepato-

cytes.

One difference, that was noticeable but difficult to quantify,

was the evidence of low-affinity, high-intensity binding. This

low-affinity binding was particularly noticeable at 3 months of

age, probably as a consequence of fewer high-affinity binding

sites.

These results make the completely novel and unexpected

observation that, when the ontogenically expressed a1B-AR is

suppressed, a population of a1-ARs is still present.

Competition binding In WT hepatocytes, neither antago-

nists, RS100329 (a1A-AR selective) or BMY7378 (a1D-AR

selective), were able to reduce the QAPB-associated fluores-

cence (Figure 2). In contrast to this, in a1B-AR KO

hepatocytes, the QAPB-associated fluorescence was comple-

tely abolished by RS100329, yet unaffected by BMY7378

(Figure 2).

These results reveal that WT hepatocytes express a1B-ARs

at 4 months of age, whereas a1B-AR KO hepatocytes express

a1A-ARs.

A three-dimensional reconstruction of a single data set

showing 5 nM QAPB binding on a WT mouse hepatocyte using

the computer software IMARIS is shown in Figure 3. The

image clearly shows the presence of a1-ARs inside the cell, with

no significant concentration of receptors associated with the

plasma membrane.

Radioligand binding

Saturation binding [3H]prazosin demonstrated specific,

saturable binding of high affinity at both ages in WT and

a1B-AR KO livers. KD and Bmax values are given in Table 1.

The 3-month a1B-AR KO livers had a significantly lower KD

value than their age-matched controls and the 4-month a1B-AR

KO. This could be a technical consequence of the lower

expression level, but may also reflect a higher proportion

of low-affinity sites, as shown in the fluorescence binding.

Despite the significant differences, all KD values were within

the expected range for [3H]prazosin (Bylund et al., 1994).

The 3-month-old WT liver had a higher density of a1-ARs

than at 4 months of age, whereas the a1B-AR KO had fewer a1-
ARs expressed at 3 months than at 4 months. These results

show that the a1-AR population in the a1B-AR KO increases

between 3 and 4 months of age, contrary to a slight decline in

the WT population over this time period.

Competition binding In WT liver, at both ages, all

antagonists demonstrated competitive monophasic binding.

Prazosin bound with nanomolar affinity consistent with

binding to a1-ARs (Bylund et al., 1994), while RS100329 and

BMY7378 bound with low affinities. pKi values and Hill slopes

are presented in Table 2.

In a1B-AR KO livers, the density of a1-ARs at 3 months was

too low to allow accurate competitive binding to be carried

out, so competition data for a1B-AR KO livers was only

obtained at 4 months. RS100329 and BMY7378 produced

monophasic curves, competitive in nature. BMY7378 bound

with low affinity, while RS100329 bound with high affinity,

suggesting the presence of a1A-ARs (Goetz et al., 1995;

Williams et al., 1999). pKi values and Hill slopes are presented

in Table 3. These data confirm the results from fluorescent

binding that WT liver expresses a1B-ARs and a1B-AR KO liver

expresses a1A-ARs. At this age, prazosin identified a minor

Figure 2 Bar chart representing 5 nM QAPB binding to 4-month-
old WT and a1B-AR KO hepatocytes pre-incubated with 1 nM
BMY7378 or RS100329. Inhibition of QAPB binding was measured
as the average fluorescence intensity of the cell compared to the
average fluorescence intensity in the absence of inhibitor (nX3).

Figure 3 QAPB (5 nM) binding on a hepatocyte from freshly
isolated WT mouse liver. Image was collected by confocal
microscopy and the three-dimensional reconstruction performed
by the computer software IMARIS. QAPB binding indicating the
presence of a1-ARs is shown in blue and propidium-iodide-staining-
identifying nuclei are shown in pink.
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(20%) low-affinity site in addition to the normal high-affinity

site, similar to the biphasic response observed with fluorescent

binding (Table 3).

Discussion

In this study, we have demonstrated that, when the normal

population of a1B-ARs is genetically suppressed, a new

population of a1A-ARs, with a similar cellular distribution,

replaces them. To our knowledge, this is the first time that a

direct substitution of a ‘knocked out’ AR has been demon-

strated. In each of the three AR subfamilies, the ‘response’ of

the mouse to deletion of a subtype has varied and is dependent

on the tissue and function of the deleted receptor. There are

examples where the KO of one subtype has revealed the

presence of another that mediates a similar response (Devic

et al., 2001; Trendelenburg et al., 2001; Daly et al., 2002), but

no compensatory upregulation has been reported. The

phenomenon is unique so far to the liver and the a1-AR family.

The time of appearance of the a1A-AR in the a1B-AR KO

mouse between 3 and 4 months of age lags behind the onset of

ontogenic expression of a1B-AR. In the rat, the a1B-AR

replaces the foetal/neonatal b2-AR that mediates adrenergic

modulation of liver function in the first few weeks after birth

(Rossby & Cornett, 1991). An earlier analysis by Cavalli et al.

(1997) failed to detect a1-ARs in livers of the a1B-AR KO. Our

demonstration of a sharp rise in a1A-AR between 3 and 4

months suggests that the previous study used relatively young

mice. From our own studies, it appears that the onset of

expression of the a1A-AR occurs just before 3 months of age

since a small a1-AR population was detected at 3 months,

presumably a1A-ARs.

The absence of a1A-ARs in WT livers and its delayed onset

in the a1B-AR KO liver indicates that expression of the a1A-AR

in the a1B-AR KO liver is a regulated compensation rather

than an ontogenic age-dependent expression of a1A-AR that is

revealed when the a1B-AR is suppressed. This shows that the

a1A-AR, although normally absent in WT mouse liver, is

readily inducible, presumably in response to an error signal

caused by the absence of a response normally met via the a1B-
AR. This offers an explanation for the ‘species difference’ in

the functionally important a1-AR subtype in the liver.

Essentially any a1-AR subtype could perform this biological

role, since all act through the same G protein, Gq/11 and the

same second messenger pathways. The factor(s) determining

which a1-AR subtype is expressed in a given species may

depend on the environment or on other factors which influence

metabolism.

Due to the unusual nature of the fluorescent binding, we

carried out experiments using QAPB on liver slices. As with

isolated cells, liver slices showed a homogeneous distribution

within cells and a heterogeneous distribution between cells,

validating our results from individual hepatocytes and

confirming that this phenomenon is not a consequence of the

dissociation procedure, but is in fact a characteristic of

hepatocytes. The heterogeneous nature of the distribution of

a1-ARs throughout the liver has far-reaching consequences for

adrenergic control of liver metabolism because it suggests that

not all hepatocytes are under adrenergic control.

The distribution of a1-ARs within isolated hepatocytes is

novel, was unexpected and has interesting and far-reaching

consequences. Some intracellular localization of any GPCR

must be expected since receptors are synthesized inside the cell.

The conventional view of GPCR function is that they mediate

responses to extracellular signalling molecules that cannot

penetrate the cell and that they activate, via G proteins,

membrane-bound enzymes that produce second messengers

that activate intracellular enzymes. In this scenario, intracel-

lular receptors are either newly synthesized or engaged in a

desensitization/resensitization recycling process. It may be that

we have discovered that mouse hepatocyte a1-ARs are located

at intracellular sites awaiting mobilisation to the plasma

membrane when required. If so, this is in itself interesting;

however, we think that this is unlikely. Our evidence in mouse

hepatocytes is so clearly against plasma membrane-bound

receptors that we suggest a different view of hepatic a1-ARs.

The concept of a plasma membrane location for ARs in

hepatocytes would be inconsistent with their cell morphology.

Hepatocytes consist of densely packed organelles, among

which lie the glycogen storage granules. A second messenger

produced at the plasma membrane would have a tortuous

Table 1 Comparison of [3H]-prazosin binding to
hepatic a1-ARs from WT and a1B-AR KO mice

WT KO
Bmax

(fmolmg�1)
KD (nM) Bmax

(fmolmg�1)
KD (nM)

3 months 7673.3 0.370.05 7.470.73a 1.070.27a

4 months 5073.1b 0.370.08 3072.0a,b 0.1570.04b

Bmax and KD values obtained from saturation assays using
[3H]-prazosin in WT and a1B-AR KO livers at 3 and 4 months
of age (nX3). Po0.05.
aversus WT.
bversus 3 months.

Table 2 Comparison of affinity estimates at hepatic
a1 ARs for 3- and 4-month WT mice

3 months 4 months
pKi �nH pKi �nH

Prazosin 10.370.2 1.170.03 9.770.1 1.070.2
RS100329 7.370.03 0.9870.06 7.870.02 1.070.04
BMY7378 6.270.04 1.1770.08 6.370.02 1.070.05

Inhibition affinities in WT liver membranes expressed as pKi

values7s.e.m. Hill slopes (nH) are expressed as the negative of
the Hill slope7s.e.m. (nX3).

Table 3 Comparison of affinity estimates at hepatic
a1 ARs for 4-month a1B AR KO mice

4 months
pKi �nH

Prazosin 9.070.50, 0.5070.1a

7.070.23
RS100329 9.370.07 0.8270.1
BMY7378 6.270.09 0.970.15

Inhibition affinities in a1B-AR KO liver membranes expressed
as pKi values7s.e.m. Hill slopes (nH) are expressed as the
negative of the Hill slope7s.e.m.
aIndicates a Hill slope which is significantly different from
negative unity (nX3).
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journey to reach these. However, if the receptors were located

in domains near to the targets, then signalling would be more

efficient. The marshalling of receptors and subsequent

elements in their signalling into discrete domains is of great

current interest (Steinberg & Brunton, 2001; Zajchowski &

Robbins, 2002). Such a scenario has been proposed for b2-ARs

in which essential components of their signalling cascade are

localised to caveolae in myocyte membranes (Xiang et al.,

2002).

The distribution of ARs that we show here is not in line with

the considerable literature on GPCRs and on hepatocytes. We

believe that this is because we have applied an approach with

high spatial resolution and high specificity for the receptor and

have employed viable intact cells.

Our claim that there is no binding associated with the

plasma membrane appears to be in conflict with radioligand-

binding studies using liver membranes, including our own,

which clearly detects binding associated with liver membranes.

It seems likely, given the isolation procedures used by others

and by us, that many types of membranes associated with the

cell will have been isolated, for example, plasma membranes,

mitochondrial membranes, lysosome membranes and endo-

plasmic reticulum. It is clear from our data, particularly the

similar selectivity of antagonists against fluorescent and

radioligand binding, that we are studying the same receptor

populations with the two technologies.

This is not the first time that we have observed intracellular

binding with QAPB in isolated cells, but what makes it unique

in hepatocytes is that it is all inside. In human prostatic

smooth muscle cells, 40% of QAPB binding was intracellular

and was associated with the nucleus, though the greater part

was distributed across the cell surface (Mackenzie et al., 2000).

A similar a1-AR distribution was found in isolated vascular

smooth muscle cells from rat basilar arteries (McGrath et al.,

1999). This makes sense in terms of an equilibrium involving

receptor synthesis, plasma membrane localisation, desensitisa-

tion and recycling. The contrasting picture in the liver is quite

unique.

In the 4-month-old a1B-AR KO, the selective antagonists

gave clear-cut inhibition of binding versus low concentrations

of QAPB and [3H]-prazosin, indicating a single population of

‘a1A-AR’. However, both the additional fluorescence found at

high concentrations of QAPB and the minority ‘low-affinity’

site in the radioligand competition experiments with non-

radioactive prazosin suggest a low-affinity site for these

quinazolines. Low-affinity sites for prazosin are common in

studies of a1A-AR, and have been attributed to a phenomenon

termed a1L-AR, which is now considered to be an affinity state

of the a1A-AR (Ford et al., 1997; Daniels et al., 1999). High-

and low-affinity sites for prazosin have been detected before in

a binding study carried out by Ohmura & Muramatsu (1995)

in rabbit liver. Using prazosin and other subtype-selective

antagonists, they concluded that the rabbit liver expressed a

mixed population of a1A- and a1L-ARs. However, going along

with the hypothesis that the a1L-AR is an affinity state of the

a1A-AR, it is possible that in the rabbit liver, where the a1A-AR

is expressed naturally, and the a1B-AR KO mouse liver, where

the a1A-AR is upregulated, the high- and low-affinity states of

the a1A-AR can co-exist in the one tissue. To determine if this

were the case would require further studies into the regulation

of the a1A-AR both in tissues in which it is naturally expressed

and in tissues, such as the a1B-AR KO mouse liver, where it has

been upregulated.

In conclusion, we have shown for the first time that hepatic

a1-ARs are capable of compensating for one another in the

absence of the endogenously expressed receptor. This com-

pensation is age-dependent, highlighting the importance of age

when using transgenic animals; compensatory mechanisms

may be missed depending on the age point used. We also

discovered that a1-AR distribution in mouse liver is hetero-

geneous, being concentrated in a relatively small proportion of

hepatocytes, and where it is expressed is distributed uniformly

on intracellular organelles rather than on the cell surface.

There was, however, no difference between the subcellular

location and distribution of the ‘normal’ a1B-ARs and the new

a1A-ARs that replaced them in the a1B-AR KO liver. The

ability of the a1B-AR KO liver to express the a1A-AR, the

endogenously expressed human hepatic a1-AR, may allow it to

be exploited as a model of human hepatic AR mechanisms.

We thank Professor Susanna Cotecchia for kindly gifting us a colony
of a1B-KO mice and their genetic controls. Our thanks are also due to
the British Heart Foundation and the MRC, who funded this project.
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